s Abstract The search for the origins of life and its presence beyond Earth is strengthened by new technology and by evidence that life tolerates extreme conditions and that planets are widespread. Astrobiologists learn how planets develop and maintain habitable conditions. They combine biological and information sciences to decipher the origins of life. They examine how biota, particularly microorganisms, evolve, at scales from the molecular to the biosphere level, including interactions with long-term planetary changes. Astrobiologists learn how to recognize the morphological, chemical, and spectroscopic signatures of life in order to explore both extraterrestrial samples and electromagnetic spectra reflected from extrasolar planets.
INTRODUCTION
Humanity has long been fascinated with the possibility that life exists beyond Earth. Recently, the discipline of astrobiology has been created to study the origin, evolution, and distribution of life in the Universe, including the prospects for Earth-based life to move beyond its planet of origin. Astrobiology is broadly interdisciplinary because, in its quest to understand the origins and evolution of habitable planets and biospheres, its agenda integrates investigations across the biological, chemical, geological, and space sciences.
So what is novel about astrobiology? What does it offer beyond, for example, earlier programs in exobiology that addressed the origin and early evolution of life and searched for extraterrestrial life? Perhaps the major differences between astrobiology and previous efforts are a more concerted attempt to incorporate related ? disciplines into a more tightly integrated program, and the substantial involvement of new communication and information sciences and technologies to achieve this integration. The motivation to move forward now has been triggered by the remarkable array of key recent discoveries. For example, a resonance is developing between studies of the origin of life, molecular biology, and bioengineering. Laboratory demonstrations of self-replication and evolution of biological macromolecules (48) , now an integral part of the search for new pharmaceutical products, are being employed to explore the origins of molecular replication. Computational simulations of membrane function that have provided insights into mechanisms of drug activity (76) also explore the roles played by membranes in the earliest cells (protocells). The rapidly developing field of information sciences includes, among its many applications, a mandate to define the properties that emerge from complex systems having many interacting components. Such systems might include regional electrical power grids, spacecraft, or, for that matter, ecosystems and the molecular machinery of cells. Life is an information-rich entity, and its origins are a prime candidate for study.
Recent Discoveries Create a Mandate
New tools for molecular analyses now permit exploration of the enormous diversity of microbial life, and this search has expanded the known range of environments in which microorganisms can thrive. These discoveries also expand the range of habitable conditions within which we might expect to find life beyond the Earth. Life may have started soon after Earth became habitable (82, 84, 70) , which encourages the thought that it could also have arisen rapidly elsewhere. Liquid water may have persisted for perhaps hundreds of millions of years in other planets of our own solar system (Mars: 15, Europa? 77). Earth's subsurface harbors habitable environments and an extensive biota (30) based upon nonphotosynthetic sources of energy and perhaps persisting to depths where it encounters its thermal limit (33) . Accordingly, Mars (12) and Europa (77) may still have subsurface habitable conditions. Because habitable environments might have developed beyond the Earth and persisted sufficiently long for life to begin, we are encouraged to search for those environments as a prelude to our search for other biospheres.
Astrobiology's mandate arises from discoveries of potential habitats beyond our own solar system. Models for solar system formation indicate that planets probably accompany billions of other stars (99) . Such models have been supported by recent discoveries of extrasolar planets (65a) . While these newly found planets may not be habitable, they indicate that a broad diversity exists among planetary systems. New methods for finding smaller, more habitable planets are being developed (7) , and so we shall soon chart the frequency of habitable planets within that diversity of solar systems.
Astrobiology will lead inevitably to a deeper understanding of life itself. Current definitions of life focus upon its key properties (71) 
Life in the Universe: The Basic Issues
Astrobiology depends critically upon our understanding of the processes that control the origin and evolution of both habitable environments and life. The range of relevant issues are succinctly highlighted by the Drake Equation (80) , which assesses the distribution of intelligent, communicative civilizations in our galaxy, as follows:
where N C is the number of civilizations in our galaxy with whom we might communicate, R S is the rate of formation of stars in the galaxy, f P is the fraction of stars that have planetary systems, n is the average number of habitable planets within a solar system, f L is the fraction of habitable planets on which life arises, f I is the fraction of biospheres that developed intelligent species, f C is the fraction of intelligent species that are interested in communicating with other civilizations, and L is the average lifetime of a civilization. If this assessment is broadened to include all biospheres in our galaxy, a "Biosphere Equation" might take the following form:
where N B is the number of biospheres in our galaxy, and L B is the average lifetime of a biosphere. Clearly all of these terms are important for a comprehensive assessment of life's cosmic distribution; however, astrobiological research focuses particularly upon the latter terms of these equations (from the term "n" on to the right), as these directly address planetary habitability and life. The sections that follow summarize how our current understanding of these factors might shape the research agenda.
RESEARCH AND EXPLORATION

Formation and Distribution of Habitable Planets
Abundance of Planetary Systems
The view that planetary systems are abundant has been strengthened recently by discoveries of several protoplanetary nebular disks in star-forming regions (11) . Perhaps one quarter to one half of very young stars have disks similar to the one from which our own solar system formed. The term " f P " in the above equations might possibly be as large as 0.2 to 0.5. Extrasolar planets are now being discovered at a rapid rate (see 65a), although these are not Earth-like and habitable. This is because the currently most successful detection method identifies planetinduced oscillatory shifts in the star's spectra and thus is most sensitive to closely orbiting planets that are about Jupiter-size or larger, probably gas-rich, and thus not habitable. Although the apparent multitude of solar nebulae indicates that Earthlike planets might be widespread, the most immediate benefit of their discovery is ?
illustrates the role of planetary processes. Mars' surface environment is now uninhabitable (19) , owing principally to low temperatures and the absence of liquid water. Because the ancient sun was less luminous, it would follow that Mars' early surface environment was even colder than it is today. However, evidence of elevated erosion rates, rivers, and standing water on early Mars indicates that its early environment was apparently wetter and at least somewhat warmer (15, 39) . This is possible if, early in Mars' history, thermal processes added CO 2 more rapidly to the surface environment than they do today. As the interiors of rocky planets cooled because radioactivity-based heating declined, volcanism and other thermal processes delivered less CO 2 to the surface environment (23) . The surfaces of both Venus and Mars once might have been habitable; thus, planetary processes might have sustained a habitable zone in our early solar system that was wider than it is today. For astrobiology, a more rigorous assessment of the habitability of Mars' surface environment over time is necessary to define better the evolution of our solar system's habitable zone and continuously habitable zone. The physical and chemical composition of Mars' ancient crustal materials must be assessed (68) . This characterization is a major objective of NASA's Mars Surveyor Program, which has been chartered to assess Mars' climate history, its past and present potential to support life, and its resources for future human exploration (68) . All of these objectives require that the abundance and physical state of water be assessed. This program combines orbital mapping (1), surface reconnaissance, and a series of sample returns.
Extrasolar Habitable Zones and Planets
As we explore habitable zones around other stars, we must consider the range of stellar sizes as well as multiple star systems. Larger stars burn much more brightly and evolve more quickly through their main sequence phase, and therefore their habitable zones are shorter lived (55) . For example, a star 0.5 times as massive as our sun (0.5 M S ) dwells on the main sequence for much longer than ten billion years; a star 1.5 times as massive as our sun (1.5 M S ) dwells there for less than two billion years. Perhaps two thirds or more of the stars within the size range 0.5 M S to 1.5 M S occur in binary and multiple star systems (27) . It was once believed that planetary orbits would be unstable in such systems. However, stable planetary orbits can exist either at radii that are more than five times the distance between binary stars (external binary: planet orbits the center of mass of both stars), or at radii that are less than 20% of the distance between binary stars (internal binary: planet orbits only one star) (75) . Perhaps 5% of external and 50% of internal binary systems, respectively, might support a habitable zone (55) . Because stars in the mass range 0.5 M S to 1.5 M S are so abundant, circumstellar habitable zones may be widespread.
We can apply to extrasolar planets the same factors affecting climates in our solar system. The distance between a star and its habitable zone increases with stellar size and luminosity. The habitable zones of a 0.5 M S and a 1.5 M S star are centered at 0.3 A.U. (one astronomical unit is the distance from Earth to our sun) and 2.5 A.U., respectively (55) . Current models predict that terrestrial-like planets indeed develop frequently between 0.3 A.U. to several A.U. (99) .
Giant planets can significantly affect the habitable zone. Recent discoveries of Jupiter-sized planets having very small orbits (65) indicate that gas giants, which form farther out in the nebular disk, can migrate inward (61) , perhaps sweeping up terrestrial-like planets in their path. We cannot yet determine the relative abundances of more stable solar systems like our own, versus those where gas giant planets have spiraled inward. Giant planets also can significantly affect the delivery of planetesimals to the inner solar system. For example, a Jupiter-like planet greatly reduces the flux of comets (98) . In simulations where Jupiter and Saturn were replaced by Neptune-class bodies, the comet flux from the Kuiper belt (the region beyond the planet Pluto) increased by roughly three orders of magnitude! Large Jupiter-sized planets shield inner habitable planets from a rain of environmentally disruptive impactors. Are such shepherd planets necessary for biospheres to begin and develop? If so, then the need for a shepherd planet might lower our estimates of the total number of continuously habitable solar systems.
Astrobiologists will benefit from the efforts of astronomers to map the distribution of various types of solar systems. Soon, even Earth-sized planets will be found using the photometric method for detecting the reduction in starlight that accompanies the transit of planets in front of their stars. Interferometric astronomical techniques that greatly reduce the light from the star might capture family portraits of extrasolar planetary systems within the next decade or two (7) . Evidence of atmospheric CO 2 and abundant water vapor, hence habitability (24), seems obtainable from the infrared spectra of Earth-like planets. The first detection of an extrasolar habitable planet will be a major step toward discovering the first extrasolar biosphere.
Subsurface Habitable Environments
Earth's subsurface environments (aquifers, oil fields, and hydrothermal systems) harbor an extensive biota that can be partially or totally independent of photosynthetically derived energy (30) . Life might persist to depths where it encounters its thermal limit, and subsurface biomass might equal or even exceed the biomass at Earth's surface (33, 34) . Abundant subsurface life is significant for astrobiology because it implicates additional planets and environments that previously had not been considered seriously as sites for life.
For example, the surface of Mars is currently uninhabitable (19) ; therefore strategies to search for life once focused principally upon a search for fossil evidence in ancient terrains (66) . However, because life can pursue a subsurface chemosynthetic life style (12) and because subsurface martian aquifers might be sustained by geothermal heat (20) or by residual heat from impacts (73) , life may have persisted after the surface environment became hostile. Have subsurface habitable environments survived until today? One approach is to examine all martian meteorites for additional evidence of hydrothermal activity (60) . Inactive thermal spring sites should be explored as part of the Mars Surveyor Program. Hydrothermal mineral deposits might reveal when these springs were active, what the conditions were, and whether life existed there (95) . A third approach is to search directly for subsurface aquifers. In the Mars Surveyor mission scheduled for launch in 2003, an Italian geophysical sounder may search at crustal depths of hundreds of meters to kilometers.
Liquid water might exist within planetary satellites such as Jupiter's moon Europa (77) , owing to the deposition of energy by tidal stresses. Europa's sparsely cratered landscape indicates that its surface remains active. Satellites in the Jovian system fall completely outside the habitable zone defined according to the availability of solar energy (43) . An orbiter has been proposed to search for evidence of a subsurface "ocean" using geophysical methods (18) . Subsurface chemical processes might be revealed by, among other things, the variably colored deposits decorating the linear fracture systems that criss-cross Europa's surface.
Can subsurface Europa-like biospheres be discovered in extrasolar planets? Such a search seems extraordinarily difficult, given the great distances to these planets, the subtlety of evidence for subsurface habitability, and the extreme difficulty in imaging Europa-like planetary satellites next to planets as large as Jupiter. One perspective on this challenge is offered by comparing biospheres driven by photosynthesis with those driven only by energy sources for chemosynthesis. Detecting even extrasolar biospheres sustained by photosynthesis will be extraordinarily challenging, especially if these biospheres are not accompanied by an abundant atmospheric inventory of O 2 (7, 24) . If Earth's biosphere depended only upon chemical energy derived from hydrothermal activity and weathering, global productivity levels would be less than one percent of the levels supported by photosynthesis (26) . Detecting an extrasolar biosphere that lacks photosynthesis seems impossible in the forseeable future.
The Origins of Life How Does Life Begin?
Phrasing this question in the present tense reflects the hypothesis that the origin of life is a deterministic process, that life might begin wherever and whenever the necessary environmental conditions occur (71) . Thus, the origin of life might be an ongoing process in the Universe; indeed, perhaps someday it will be an ongoing process in research laboratories engaged in assembling model protocells. Historically, origin of life research has focused upon synthesizing organic monomers in reducing atmospheres and examining their assembly into structures ("proteinoids") and macromolecules (i.e. peptides and polynucleotides) whose roles embody life's most diagnostic properties, namely, its ability to replicate and to evolve (69) . Following naturally from the traditional theory that life arose within a reducing organic-rich aqueous broth, the earliest cells were assumed to have been fermentative heterotrophs (69) . A long-standing paradox has been that the functions performed by the nucleic acid-protein translation apparatus were assumed to be essential for life to begin; yet this apparatus seems too complex to have arisen in the prebiotic milieu. The discovery of "ribozymes" (16) offers one potential solution to this paradox because both information storage and catalysis might have been achieved by a single class of compounds early in life's history. Even so, it seems extraordinarily difficult for ribozymes to have been synthesized in the absence of cellular life.
Current research explores in more detail the potential roles played by environmental conditions in prebiotic evolution and the origin of life. Some studies have recognized that prebiotic chemical processes required sustained energy sources that were actually available in the environment. For example, Wächtershäuser (93) developed a model whereby prebiotic evolutionary biochemistry was driven by oxidation/reduction reactions involving iron and sulfur species. Such energyrich species occur abundantly in hydrothermal systems within planetary crusts. Amphiphilic compounds (lipids) assemble spontaneously into vesicles that resemble cellular membranes and that create chemical microenvironments favorable for the development of "protometabolism" (21) . Similar amphiphilic compounds have been identified in meteorites. The increase in complexity of these molecular systems imparts emergent properties (structures, specific molecular interactions) that probably led to life's origin but that require specific attention by theorists and experimentalists. This relationship between theories of complexity and the origin of life has been explored (56) .
Origin of Life Within a Planetary Context
Astrobiology contributes to research on the origin of life by addressing both theoretical and experimental approaches in the context of those planetary environments, be they on Earth or elsewhere, that favored the origin of life. For example, extraterrestrial organic matter from cosmic dust and ice rained down on the early Earth (17) . If this external supply was abundant only early in a solar system's history yet was essential for life to begin, it imposes a key constraint on life's distribution in the cosmos. Perhaps planetary processes also created prebiotic organic matter. A mildly reducing early atmosphere, sustained by thermal processes acting upon a more reduced crust and upper mantle, might have sustained prebiotic organic synthesis (53) . Hydrothermal systems may have hosted prebiotic organic synthesis (78, 87) . A cold early surface environment would have allowed prebiotically important species to survive and accumulate (3) . It therefore becomes important to define the nature of early habitable planetary environments on Earth and elsewhere (45, 79) . Assessing the relative importance of various organic sources should at least partially constrain the range of plausible prebiotic scenarios.
The Value of a Second Example of Life
There is a spectrum of opinion as to whether the origins of complex living systems was a directed (deterministic) process or was more random (driven by contingency). For example, perhaps chance plays a role, but only within limits set by the physical and chemical properties of life (22) . Evolution looks random when the whole range of species is viewed, but trim the tree of life "of this outer diversity and you are left with a stark trunk delineated by a relatively small number of major forks...." While there is plenty of scope for evolution on another planet to have taken different pathways, "certain directions may carry such decisive selective advantages as to have a high probability of occurring elsewhere as well..." (22) . In contrast, the process of evolution may be based upon an infinite number of contingent events (35) . That is, each new species evolves when a local environmental opportunity exists, and others become extinct for any one of many causes. Thus, if we were able to "rewind the tape of life and replay it," we would get a different result every time. One major barrier to resolving these contrasting views is that we know only one example of a tree of life. If we had other examples, we would not have to argue in the abstract; we could directly analyze the degrees of similarity between them and from that begin to discern general principles of evolution, including the role of pure chance. This circumstance creates a powerful scientific argument for looking for life elsewhere.
Accordingly, we must broaden the agenda beyond attempting to recreate precisely the events leading up to the origin of life on Earth. To the extent that the earliest phase of our existence was driven by contingency, including the destruction of the earliest fossil record, we are unlikely ever to know the exact history of our own origins. Furthermore, laboratory studies on a diverse array of molecules might reveal principles of molecular evolution that are otherwise too subtle to discern through studies restricted to our own biomolecules. An effective search for life elsewhere also demands a broader approach. If life beyond Earth obeys similar principles but uses different molecules, we must devise more flexible strategies to detect it.
Even with the need for a diversity of studies, a focus upon understanding how the first protocellular structures were assembled remains a centrally important goal. The spontaneous self-assembly of amphiphilic molecules into vesicles may have been an important part of this process (21) , as it perhaps created favorable chemical gradients as well as microenvironments. However, the processes leading to the first energy-harvesting metabolism (71, 93) and the mechanisms for self-replication also merit attention. The development of such systems leads to dramatic increases in complexity and information content, increases that were made possible by inputs of chemical energy. Theoretical and experimental models for the coupling of such energy to the emergence of molecular complexity lie at the heart of this effort. Also, laboratory-based molecular systems that are capable of self-replication and evolution are excellent testbeds for exploring prebiotic evolution.
Evolution on Molecular, Organism, Ecosystem, and Biosphere Levels
Microorganisms deserve particular attention in astrobiology because our biosphere was exclusively microbial for more than three quarters of its history (82) and because microorganisms continue to dominate our biosphere. Still, only a small percentage of all molecular biologists and paleontologists are specialists in microbial evolution. However, new methods for identifying, manipulating, and analyzing biomolecules and fossiliferous rocks allow microbial life to be explored from molecular to global scales. Our knowledge of the diversity of the microbial world is still very incomplete (74) . An objective search and analysis of natural microbial ecosystems will identify the environmental and biological drivers of evolution and reveal how life diversified and adapted to extreme conditions. If the full range of Earth's habitable conditions can be precisely defined, it will help to identify more fully the range of environments to be explored beyond Earth.
The early record of our biosphere exists in two forms. One is the living record of life preserved within the structure and function of its biopolymers and metabolic pathways. For example, the sequences of monomers in highly conserved biopolymers reflect their descent from their molecular ancestors (100, 101) . The second record is the remnants within rocks of fossilized cells, ecosystems, and chemical and isotopic compositions that reflect biological activity.
The Living Record of Early Life
The increasing ease of sequencing macromolecules and the rapid growth of sequence databases are creating unprecedented opportunities for evolutionary studies. However, these databases have been developed principally for their biotechnological applications; therefore, many microorganisms having great potential value for evolutionary research still await study. Furthermore, evolutionary interpretations of sequence data require specialized software and groups of investigators, both currently in short supply. Such teams could examine how genes and gene families are created (via gene duplication), rearranged within genomes, and transferred between organisms.
Studies of molecular phylogeny should be extended to include additional key biomolecules, particularly those enzyme systems that exerted profound impacts upon the environment. For example, enzymes for CO 2 assimilation arose early in evolution and very likely played key biogeochemical roles on the early Earth (32, 97). Accordingly, the phylogeny of ribulose bisphosphate carboxylaseoxygenase (RUBISCO) has been studied extensively. However, several other CO 2 -assimilating enzymes merit comparable attention, for example, those associated with the reverse-TCA cycle, acetyl coenzyme-A pathway, etc. Genetic analyses might identify key "nodes" within the phylogenetic trees of these enzyme systems, for example, a radiation of enzyme lineages. It is important to identify the factors that contributed to such evolutionary events. Perhaps environmental changes played a role in many cases.
Understanding how microbial life adapts to environmental gradients and extremes is essential not only for understanding evolution, but also for defining the limits of habitable conditions to be sought beyond Earth. Environmental parameters include temperature, availability of chemical and/or light energy, water potential, solute composition (pH, nutrients, toxins, etc), and environmental variability. Adaptation to environmental gradients and variability has contributed at least in part to diversity. For example, "guilds" of thermophilic cyanobacteria apparently have diversified along thermal gradients in hot spring streams (96) . Thermophilic microorganisms have stabilized their molecular machinery against the challenges of high temperatures (10, 91) , but the details of these adaptations by various cellular "subsystems" are still poorly known.
Modern microbial ecosystems can help us interpret both the living and rock records of our biosphere. Many types of fossils (morphological, chemical, isotopic) are emergent properties of ecosystems. For example, stromatolites, which are macroscopic laminated forms built by trapping and binding of sediment by microbial mat (biofilm) communities, are the most ancient and widespread morphological evidence of pre-Phanerozoic life (94) . Stromatolite morphology probably arises from complex interactions that occur between microbial mats and their environment (38, 94) . The microenvironments within microbial mats reflect the structure and function of these ecosystems, for example, the sharing of wavelengths of light (47) and the exchange of metabolic substrates (14) . Mat microenvironments can differ markedly from their surroundings and thereby shape both the adaptation and the evolution of the microorganisms as well as the nature of the microbial remains that become incorporated into the fossil record (88) .
The Geologic Record of Early Life
Our biosphere has altered the global environment by influencing the chemistry of those elements that are important for life-carbon, nitrogen, sulfur, oxygen, phosphorus, and transition metals such as iron and manganese. Such interactions can be viewed as part of a system of "biogeochemical cycles." Such cycles are networks consisting of elemental reservoirs (within the biosphere, atmosphere, oceans, crust, and mantle) that are linked by geological, biological, and other environmental processes (36) .
For example, the coupling of oxygenic photosynthesis with the burial in sediments of photosynthetic organic matter has increased the oxidation state of the oceans and atmosphere and also created highly reduced conditions within sedimentary rocks that have extensively affected the chemistry of other elements (31) . Nonbiological processes have also influenced the course of biological evolution. For example, the decline of volcanism during Earth's history has decreased the flux of reduced chemical species that reacted with photosynthetically produced O 2 (51, 58) . Therefore, atmospheric O 2 levels were destined to increase. To the extent that the development of modern aerobic bacteria, algae, and multicellular life has certain minimum O 2 requirements, the long-term net accumulation of photosynthetic O 2 via biogeochemical processes has influenced our atmosphere and biosphere profoundly (58) .
Microorganisms have also affected the precipitation of minerals (5), thereby altering Earth's crust and creating a record of microbial activities in ancient sediments. For example, the precipitation of carbonate in the marine environment has apparently come under stronger biological control over the past two to three billion years (37) . One important aspect of mineral formation lies in the tendency for patterns of precipitation that develop at the molecular or microscopic level to be propagated to macroscopic scales (millimeters to centimeters or larger; 44). Perhaps the macroscopic morphologies of some carbonate stromatolites originated as microscopic phenomena whose biological control is uncertain (38) . To the extent that sulfidic ores form as a consequence of the accumulation of sedimentary organic matter and biogenic sulfides, processes operating at the microscale can create sulfide ore bodies that can attain kilometer-scale dimensions. Understanding such mineralogical effects is important, not only for understanding the evolution of our own biosphere, but also for locating and interpreting fossil evidence of life on Earth and elsewhere.
Interactions between the long-term evolution of the biosphere and its environment can be explored by focusing upon time intervals that witnessed profound environmental changes. For example, atmospheric O 2 levels apparently rose dramatically between 2.2 and 2.0 billion years ago (42) . Can the biological consequences of this event be identified in the living molecular biological record? Major glaciations in the late Proterozoic (800 to 600 million years ago) appear to be correlated with major excursions in the diversity of eukaryotic plankton (41, 92) . Can a cause-and-effect relationship be demonstrated?
Our own biosphere would share one important circumstance with other biospheres. Silicate-rich planets (Venus, Earth, and Mars) experience evolutionary trends that are most similar early in their history. For example, the inner planets of our solar system all experienced an early heavy meteoritic bombardment, similar styles of formation and chemical evolution of the early crust, a long-term decline in volcanic activity, and a long-term increase in solar luminosity (see summary in 26). To the extent that similar geological processes have affected the evolution of all habitable planets, those aspects of our own biosphere's history should assist our search for extraterrestrial life.
Recognizing Signatures of Life Beyond Earth
The Challenge How will we recognize life elsewhere? The discovery of habitable environments beyond Earth would indeed set the stage for learning whether we are truly alone in the Universe. However, habitable environments are geologically and climatologically active places. How can we distinguish between this nonbiological activity and life? We can start with the following basic definition of life: One, life maintains metabolism, that is, a network of chemical reactions that harvest energy for the biosynthesis and maintenance of cellular components; two, life is capable of self-replication; and three, life is capable of Darwinian evolution. This definition lists a few key properties of life, more specifically, its key processes. Such a definition aids our search for life principally to the extent that we can directly observe biological processes. Accordingly, the Viking life-detection experiment was designed to establish life's presence on Mars specifically by observing processes of metabolism and growth (reproduction) (57) . However, most astrobiologists agree that the Viking mission did not deliver the final verdict about the history of life on Mars. Our approach cannot be restricted only to observing biological processes directly. The discussion that follows summarizes additional approaches for broadening the search for life on Mars and beyond.
A more effective search for evidence of life addresses the following circumstances that make a Viking-like approach inconclusive and/or impossible:
1. It is possible to detect certain chemical consequences of a biosphere's activity, but it is not possible to observe organisms directly. One hypothetical example is a martian biosphere that resides several kilometers beneath the surface and is currently inaccessible but that alters the trace gas composition of the atmosphere. A second example is a biosphere on a distant extrasolar planet detectable only through its effect upon the composition of its atmosphere (59).
2. Extraterrestrial life might differ substantially from life on Earth. If living organisms existed on the martian surface but simply did not respond to the particular incubation experiments deployed by Viking, they clearly could have escaped detection (57) . The nondetection of organic compounds by the Viking mass spectrometer did set upper limits on the quantity of organisms present, but scenarios can be envisioned in which even traces of Earth-like life might have escaped detection (8a) . Because biological diversity in the Universe probably exceeds the diversity on Earth, our search strategy must be appropriately broadened.
3. Life has become extinct, or it was once active in a sample or landing site and has since retreated elsewhere. This circumstance compels us to become paleontologists because we must search for fossil evidence of life. A recent example of this approach has been the examination of the martian meteorite ALH84001 (67) and the claim that an array of morphological, chemical, and mineralogical features collectively indicate the presence of life on early Mars.
The Universal Properties of Life Guide Our Search
It is useful to consider those attributes that are universal for life on Earth and thus potentially form the basis for recognizing biological indicators of life ("biomarkers") elsewhere. In his book Beginnings of Cellular Life, Morowitz delineated the following 15 universal features of life (71): 1, 2. "All life is cellular in nature. There is a universal type of membrane structure used in all biological systems. A cell is the most elementary unit that can sustain life. The chemical reactions that produce the molecules of living organisms take place in cells. Every cell is surrounded by a selectively permeable membrane barrier that keeps it separate from other cells and from the environment." Because cellular forms can be preserved upon burial in sedimentary rocks and yield diagnostic microfossils, the cellular habit has created a key category of biomarker for detecting life's former presence (85).
"The water content of functioning living forms varies from 50% to over 95%.
The chemistry of life is carried out in aqueous solutions or at water interfaces." Cells can survive the removal and restoration of cellular water, but water is essential to cellular function. This attribute reiterates the necessity of liquid water for ensuring life's long-term survival; therefore we should search the cosmos for evidence of liquid water.
4. "The major atomic components in the covalently bonded portions of all functioning biological systems are carbon, hydrogen, nitrogen, oxygen, phosphorus and sulfur." Accordingly, enrichments of phosphorus or organic carbon and nitrogen in terrestrial geological deposits have been interpreted to be strong indicators of biological activity. Certain sulfide ore deposits might also owe their origin to biogenic organic matter. 
. The translation of information from nucleotides [to proteins] takes place through specific activating enzymes and transfer RNAs.
There is a universal type of membrane structure used in all biological systems." In contrast to the enormous diversity of organisms, the variety of biochemical pathways, metabolic intermediates, and classes of macromolecules and membrane lipids universally employed by life is remarkably small. Perhaps for purposes of functional efficiency, life has restricted itself to a very small subset of the near-infinite array of organic compounds that might exist. Therefore, the "unusually" high relative abundance of specific organic compounds in an environmental sample might by itself be highly diagnostic evidence of a biogenic origin of those compounds.
12. "Biological information is structural." If some organisms are chilled to near-absolute zero or are desiccated in a way that preserves the structural integrity of their membranes and macromolecules, they can revive upon returning to normal conditions. This observation indicates that life on other planets might survive periodic freezing and/or desiccation; therefore we should broaden our search for life to include environments that are only periodically habitable.
13. "Those reactions that proceed at appreciable rates in living cells are catalyzed by enzymes." One of life's hallmarks is its ability to accelerate organic chemical reactions, which, in the absence of life, are typically quite sluggish. Accordingly, for example, life can accelerate a variety of oxidation-reduction reactions in nature in order to harvest chemical energy. Biologically mediated interactions between organic and inorganic compounds can affect the deposition of minerals (carbonates and transition metal oxides and sulfides) in ways that create mineralogical evidence of life (5) . Characteristic isotopic patterns among carbon ? and sulfur species reflect the enzymatic acceleration at ambient temperatures (0 to 30
• C) of oxidation-reduction reactions that, in the absence of life, would proceed at significant rates only above 200
• C (25). Such "biogenic" isotopic patterns have been preserved in ancient sedimentary rocks.
14. "Sustained life is a property of an ecological system rather than a single organism or species." More than one species are necessary for primary production and organic degradation and nutrient regeneration. Such cycling of chemical constituents often seems required to maintain the flow-through of energy at the rate needed to sustain the ecosystem. Communities of organisms (biofilms) can create chemical products (minerals) and physical features (sedimentary structures) that are much larger than individual cells and/or that persist long after biological activity has ceased. For example, iron oxides and sulfides can indicate previous biological activity (29) . Sedimentary microfabrics such as laminae and larger structures such as stromatolites can indicate the former presence of biofilms (94).
15. "All populations of replicating biological systems give rise to altered phenotypes that are the result of mutated genotypes. This is the empirical generalization that is a sine qua non for the process of evolution as well as the science of genetics." Progressive changes in fossil biomarkers (fossil morphology) over time can record aspects of the processes of biological evolution.
Biomarkers An effective search for extraterrestrial life must create more effective means for recognizing and interpreting the full range of biomarkers, as mentioned above. Summarizing the foregoing discussion, categories of biomarkers that can survive in geological deposits, or else be detected remotely, include the following: Precambrian paleontology offers a rich legacy of experience in the study of microbial biomarkers, including the effects of biological processes upon the atmosphere (42, 83, 85) .
Other Biospheres in Our Solar System? Mars
The debate surrounding the study of martian meteorite ALH84001 offers a recent example of the issues regarding the effective use of biomarkers to search for evidence of life beyond Earth. Citing an array of significant observations of ALH84001, a martian meteorite recovered from Antarctica, McKay et al (67) proposed that martian life existed, at least at the time that the carbonate formed in the meteorite. A brief summary of the ensuing debate follows.
Establishing Whether Habitable Conditions Existed
The meteorite ALH84001 is an igneous rock; therefore, it formed at temperatures that were too high for life. However, it contains disc-shaped carbonates that subsequently developed along fractures and that contain the features cited as evidence for life (67) . Did these carbonates form under habitable conditions-namely, with liquid water and cooler temperatures (known organisms on Earth are restricted to <113
• C; 10)? Unfortunately, estimates of the temperatures of formation of these carbonates are poorly constrained, in part because the meteorite had a complex history (90) that included multiple heating events due to meteorite impacts. Thus, it is uncertain whether geochemical estimates of temperature reflect the original conditions of carbonate formation or some later event. Also, not enough is known about the broader geological context of the environment in which these carbonates formed. For example, because the composition of the fluids that deposited the carbonate (60) is uncertain, one can propose either low temperatures of formation assuming one fluid composition or high temperatures (>200
• C) assuming another composition. A key objective for astrobiology is to ensure that future missions to Mars acquire samples that provide firmer constraints for early, potentially habitable conditions.
Cell-Shaped Objects
Perhaps the most visually compelling life-like features in ALH84001 are the submicron cell-shaped objects that resemble microorganisms. However, the sizes of many of these objects seem too small to accommodate the biochemical machinery required for free-living microorganisms (64, 72) . Some cell-shaped objects may be minerals oriented crystallographically along carbonate substrates (13) . Cell-shaped objects have been reported in lunar meteorites found in Antarctica (86) , even though these rocks never experienced habitable conditions on the Moon. These observations highlight the challenge to avoid terrestrial contamination in samples returned to Earth and, furthermore, to develop diagnostic criteria (internal morphology and composition of cell-shaped objects) that provide definitive interpretations of the origins of cell-shaped objects.
Organic Matter
The observation of polycyclic aromatic hydrocarbons (PAH) in ALH84001 (67) raised two issues: Did these compounds come from Mars, and are they biogenic? The absence of PAH from the external fusion (melt) crust of the meteorite indicates that they were not acquired on Earth (67) , whereas their close association with the carbonate globules and rims indicates that they once resided on Mars (28) . However, PAH also occur in interplanetary dust particles and in chondritic meteorites (8) , meteorites that were probably delivered to the martian surface in the past. It is not possible to interpret from their structures whether these PAH were derived from biogenic matter. However, other organic compounds in ALH84001 are clearly terrestrial contaminants (4, 49) . The challenge for astrobiology, therefore, is to avoid organic contamination by terrestrial organic matter and also to devise criteria for determining the mechanisms for the synthesis of extraterrestrial organic matter (biological or abiotic?).
Minerals
The structure and/or composition of some minerals can be influenced by biological activity; therefore, they can become indicators of life (6) . Multiple populations of magnetite (Fe 3 O 4 ) have been reported in the carbonate globules of ALH8400l (89) , and these might reflect multiple mechanisms of formation. For example, some have clearly grown simultaneously with the surrounding carbonate (13, 9) and therefore could not have developed inside a microorganism. Others, upon their removal from the carbonate for analysis, revealed shapes otherwise reported only from bacteria (89) . Minerals have the potential to reveal life's former presence in samples that have lost other evidence. However, the relationships between the processes of formation and the composition and shapes of potentially biogenic minerals requires much further study.
The Geological Context
The ALH84001 debate illustrates the need to develop further the basis for interpreting potential biomarker features in extraterrestrial materials. It also indicates that, during our campaigns to return samples from Mars and elsewhere for astrobiological study, we must constrain as much as possible our interpretation about the geological context of those samples. The remarkable preservation of minerals and morphology at the nanometer scale in ALH84001 indicates that the martian crust has indeed retained, at least at some localities, a rich storehouse of information about the history of its earliest environments, environments that might have witnessed a second example of life in our solar system. The now-international Mars Surveyor Program is challenged to continue the exploration of that storehouse (68) , through a series of missions to conduct global surveillance, rover-based exploration of the surface, and sample return.
Europa
Many of the considerations outlined for Mars exploration are relevant also to a search for evidence of life on Europa, the satellite of Jupiter. Materials (ice, etc) that might have experienced a habitable subsurface Europa "ocean" should be examined for evidence of life. A search for evidence of life within Europa might be conducted in several ways. An orbiting IR spectrometer could analyze surface ices for evidence of organic components that emerged from within the planet. A lander might examine surface ices locally and in more detail. A flyby orbiter could, as it approaches, release an impacting projectile and then, after it orbits Europa, it could sample ejected materials for return to Earth. As with Mars, we are challenged to distinguish between the formation of minerals and organic components by nonbiological versus biological processes.
Biospheres in Other Solar Systems?
Direct Observations are Challenging but Essential Although a planet's presence can be inferred by indirect means (discussed above), the remote search for evidence of life requires direct observation of photons from a planet. Viewed from distances of several light-years, a habitable planet would appear quite faint in the visible wavelength range (10 −10 times as bright as its star), yet extremely close (about 0.1 second of arc) to the star (59) . Such a planet appears relatively brighter in the mid-infrared (MIR) range (10 −7 to 10 −6 times as bright); however, a MIR telescope must be located above Earth's atmosphere in order to avoid interferences from H 2 O in Earth's atmosphere. Optical interferometry can image the planet by filtering out direct starlight (2, 7) . Within the next two decades, space-based interferometric telescopes might obtain low-resolution MIR (6 to 18 µm) spectra of the atmospheres of habitable planets located within 20 parsecs (light-years) (7).
Spectroscopic Indicators of Life
The challenge to detect an extrasolar biosphere is therefore to identify, within MIR spectra of extrasolar planetary atmospheres, absorption features whose presence requires a biological source (59, 24) . Ideally, atmospheric "biomarker" compounds would be well-known biological products, and they would create an overall atmospheric composition that is out of thermodynamic equilibrium with the planet's crustal composition (62) . For example, evidence of life on Earth was "confirmed," using data from the Galileo spacecraft's near-IR mapping spectrometer, by detecting the presence of both oxidized and reduced biogenic gases in the atmosphere (O 2 , CH 4 , and N 2 O) (81). It will not soon be possible to explore the near-IR region in the faint light from extrasolar planets. However, it should be possible to search for O 2 because its abundance is closely related to that of O 3 , which exhibits a strong MIR band at 9.6 µm (59). Atmospheric O 2 can accumulate solely by nonbiological processes under certain conditions. For example, a Venus-like planet with a runaway greenhouse climate, which can attain several hundred degrees Celsius, can lose H to space as atmospheric H 2 O is photodissociated, thus allowing O 2 to accumulate in the atmosphere (54) . However, a runaway greenhouse can be independently inferred if the planet lies inside the habitable zone, as does Venus. High temperatures can also be indicated independently by the IR spectra of CO 2 and H 2 O.
If a habitable, Earth-like planet lacked a biosphere, its atmospheric O 2 levels would be very low because the small amount of O 2 from photodissociation of H 2 O would be rapidly consumed by reduced volcanic chemical species (51) . Thus, a planet that is both habitable at its surface and has abundant atmospheric O 2 is indeed inhabited. However, a habitable planet lacking abundant O 2 is not necessarily uninhabited. Earth's fossil record extends back at least 3.5 billion years (85); however, atmospheric O 2 levels probably became substantial only about 2.1 billion years ago (42) . How might we detect an early-Earth-like biosphere around another star? Atmospheric methane from methanogenic bacteria might be one indicator, but nonbiological sources of methane might be substantial on young habitable planets (53) . Anaerobic bacteria produce other reduced gases that might be more diagnostic of life (24) ; however, very little modeling has been done of trace gas compositions in Earth's early anoxic atmosphere. An astrobiology research program that addresses the biological, geological, and photochemical aspects of anoxic atmospheres will benefit studies of our early biosphere as well as our search for extrasolar biospheres.
ASTROBIOLOGY: The Whole Exceeds the Sum of Its Parts
Just as life is an emergent property of highly complex and coordinated molecular systems, astrobiology must emerge as a highly coordinated program of research, exploration, and education, a program sustained by biological, chemical, earth, and space scientists, engineers, and educators. The natural universe works as a unified whole, and so we must unify our efforts in order to learn its deepest and most valuable secrets. Foremost among those secrets is an understanding of the origin, evolution, and distribution of life in the universe.
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